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Abstract. A GFDL 3-D global generalized
tracer field is adapted to provide a prelimin-
ary simulation of the reactive nitrogen (NOY)
climatology in an unpolluted troposphere which
has, as its sole source, downward transport of
stratospheric NOY. The tracer field is scaled
so that its downward cross-tropopause flux is
balanced by the stratospheric production of NOY.
While the model results show stratospheric NOY
to be a significant source for the remote tropo-
sphere, they do not rule out additional contri-
butions from either the long-range transport of
combustion NOY or the insitu production by
lightning. The model NOY climatology in the un-
polluted troposphere shows a strong interhemis-
pheric asymmetry due to greater downward NOY
flux in the northern hemisphere and a steep drop
off to a minimum in the tropics resulting from a
combination of model features (tropical rain-
belt, ITCZ, and Indian monsoon) which have been
well documented in the real atmosphere.

estimate of the July time-mean NOY mixing ratios
in the equatorial Pacific for comparison with
recent observations. The climatology of model
NOY resulting from a stratospheric source is
also discussed and the controlling meteorologi-
cal processes are identified.

Model Description and Experimental Design

Introduction

Recent simultaneous measurements of NO and
HNO mixing ratios in the equatorial Pacific
surface atmosphere have ranged from 0.002 ppbv

to 0.006 ppbv for NO (McFarland et al., 1979)
and from 0.014 ppbv to 0.039 ppbv for HNO3
(Huebert, 1980). These values are much lower
than previous measurements in the presumedly
unpolluted troposphere and suggest that the
natural background level of reactive nitrogen
compounds (NOY) is very low.

The current global estimates of tropospheric
NOY production are dominated by a ~~mbustion
source of approximately 20 tg N yr (based on
Robinson and Robbins, 1970) and a lightning
source for_yhich calculated values range from
40 tg N-Ir (Chameides, et al., 1977) to 3-4

tg N yr (Tuck, 1976; Dawson, 1980; Hill,
Rinker, and Wilson, 1980). However, given the
highly non-uniform distribution of these two
major global sources, the probable containment
of the combustion NOY within its source region
(Huebert and Lazrus, 1978; 1980), and the uncer-
tainties in the lightning source calculation
(Dawson, 1980; Hill, Rinker, and Wilson. 1980),
we wish to determine if downward transE~rt of
NOY from the stratosphere (.5-1.0 tg N ) is
sufficient to maintain the very low values
recently observed in the remote troposphere. A
preliminary estimate of the importance of such
a source to the NOY budget in the unpolluted
troposphere is obtained by scaling the results
of an earlier GFDL 3-D global tracer experiment
which had a stratospheric source and tropo-
spheric sink (Mahlman. 1973; Mahlman, Levy. and
Moxim, 1980, hereafter called MLM). The result-
ing tropospheric tracer distribution provides an
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The model used for this study solves numeri-
cally the continuity equation for a generalized
tracer with a source in the top level and a sink
in the troposphere (Mahlman, 1973; MLM). The
required input data is generated by a GFDL gen-
eral circulation model (Manabe, Hahn, and
Holloway, 1974). The grid structure utilizes 11
terrain-following (sigma) surfaces in the verti-
cal with standard heights of 31.4, 22.3, 18.8,
15.5, 12.0, 8.7, 5.5, 3.1, 1.5, 0.52, and 0.08
km. The horizontal grid dimension is approxi-
mately 265 km. A detailed description of the
model is given in Mahlman and Moxim (1978).

We recognize that over 80% of the strato-
spheric production of NOY occurs in the top
model level, that the tropospheric tracer dis-
tribution is almost completely insensitive to
the spatial structure of the middle-strato-
sphere source (MLM), and that the model's wet
and dry removal in the troposphere are appro-
priate sinks for NOY. Therefore, we believe
that the tropospheric distributions generated
by the "Stratified Tracer" experiment of MLM
will adequately simulate the climatology of that
fraction of tropospheric NOY which originates
in the stratosphere. The experimental design
of this preliminary NOY simulation is discussed
in terms of the "Stratified Tracer" experiment.

However, to avoid difficulties arising from a
change in computers, the tropospheric tracer
distributions from the companion tracer study
in MLM, differing only in the distribution of
tracer and sources in the top level, are used
in the later section on model results. There is
no significant difference between the two tropo-
spheric tracer distributions and their dominant
transport features (MLM).

The model sink consists of dry removal in
the boundary layer and wet removal, proportional
to both local precipitation rate and tracer
amount, up to 8.7 km. Details of the formula-
tion are given in an earlier paper on the simu-
lation of radioactive fallout (Mahlman and
Moxim, 1978), while the latitude dependence of
tracer deposition is discussed by Mahlman
(1973). The global NOY lifetime (NOY mass!NOY
removal rate) in the surface layer is 18 days.
The zonal mean values, ranging between 15-20
days at most latitudes, have a maximum of 40-80
days in the arid polar regions and a minimum of
10 days in the tropical rainbelt. While these
tropical lifetimes are significantly longer
than the recent estimate of a few days by
Huebert (1980), it must be remembered that the
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-2 -.I. 8 -2mol~!ules cm sec = 1.4xlO molecules cm
sec which balances the stratospheric pro-
duction rate. It should be noted that the
model's surface NOY mixing ratios depend lin-
early on the calculated production rate and
somewhat less than linearly on the tropo-
spheric removal efficiency.

Model Results

A pronounced feature of the model tropo-

spheric distribution of R(NOY) is its strong

interhemispheric asymmetry. The model's ratio
of northern to southern hemisphere mixing
ratios is 1.65. This is due, in large part,
to the greater downward transport into the
troposphere in the northern hemisphere. The
ratio of the northern to southern hemisphere
downward tracer fluxes is 1.80 (MLM). Al-
though the degree of cross-tropopause mass
exchange is comparable in the hemispheres,
the much weaker downward transport from the
model's middle stratosphere in the southern
hemisphere provides much lower NOY mixing
ratios in the lower stratosphere for ex-
change with the model's troposphere in the
southern hemisphere (Manabe and Mahlman,
1976; MLM). A latitude-altitude plot of
the zonal-mean "Stratified Tracer" mixing
ratio (see Fig. 3.2b-July_~n MLM and multi-
ply all numbers by 2.5xlO ) clearly shows
the asymmetry with a maximum in the north-
ern high latitudes and a minimum bulging up
to 5'km from the tropics to the southern

midlatitudes.
For comparison with recent measurements,

t~tY time-mean NOY mixing ratios,
R(NOY) , generated in the model's surface
level are given in Figure 1. The dominant fea-
ture is the steep gradient that forms north of
the equator. A major cause of the tropical
minimum is the model's tropical rainbelt which
efficiently removes most water soluble tracers
transported to the tropics. The model's trop-
ical rainbelt is in good agreement with obser-
vation (Manabe and Holloway, 1975).

Some aspects of the transport processes which
are involved in the horizontal tracer structure
at the surface are shown in Figure 2, the July
time-mean streamlines of the surface (80 m) wind
fields used by the tracer model. Rainout in

model values are based on a global data set
that has been both time and space averaged.
The local rainout lifetime is highly variable
and, for a rainfall rate of 0.1 cm/hr, drops to
2 days. While both dry and wet removal pro-
cesses apply mainly to the HN03 fraction of

NOY, photochemical steady-state calculations
(Levy, 1972) predict that HN03 predominates in
the lower troposphere where most removal takes

place. Dry removal, which dominates the glo-
bal rate in the surface level though not the

local rate during rain. may have been under-
estimated for the HN03 fraction which is highly
soluble and reactive. While there is consider-
able uncertainty in any quantitative estimate
of dry and wet removal efficiency. they are the

correct physical processes.
The mixing ratio in the top level is speci-

fied to be constant everywhere. This amounts
to a source which instantaneously responds to
any net transport out of the top level. Be-
cause the model's sink mechanism is a linear
function of the local tracer mixing ratio. the
ratios of the constant value in the top level
to those at lower levels are independent of
the actual value chosen for the top level.
Therefore the vertical and horizontal struc-
ture in the tracer field is also independent of
the constant value chosen for the top level.

The generalized tracer field is converted to
an NOY field by a scaling factor which brings
the NOY downward flux. a product of the strato-
spheric NOY mixing ratio and the model's gener-
alized downward flux. into steady state balance
with the stratospheric NOY production rate. a

purely photochemical quantity.
Using the solar flux data of Simon (1978);

the °3 and °2 absorption coefficients tabulated
by Ackerman (1~71); the recent NASA (1979) ta-
bulation of O( D) reaction data; and a pre-
viously calculated 3-D N 0 distribution (Levy.
Mahlman, and Moxim. 1979r. we ca1cu1atesa global
time-mea~2NOY_~roduction rate of 1.4x10 mole-
cules cm sec. Use of the temperature depend-
ent absorption data of Selwyn. Podo1ske. and
Johnston (1977) would have increased the strato-
spheric N20 mixing ratio and NOY production. In
a recent calculation. Johnston; Serang. and
Podo1sk§ (1979) found_~ pr~~uction rate of
2.7.x10 molecules cm sec. Most of the dis-
agreement can be explained by differences in
solar fluxes. N20 and °31fie1ds. and the absol-
ute quantum yield for Ot D). It is not clear
which. if either. calculation is correct. We
believe that the two results typify the existing
uncertainty in an NOY source calculation and
will use ours to determine the scaling factor.
Neither calculation included possible upper at-
mosphere sources and sinks of NO.

From the 3-D numerical experiments of MLM
we calculate a generalized global d~~ward
flux int~2the-iroposphere of 5.6x10 mole-
cules cm sec for a tracer with a mid-
stratosphere source and an arbitrary 2.8 ppmv
mixing ratio at 22.3 km. To balance the
downward flux and the NOY stratospheric pro-
ductio~3rate we scale the tracer field by
2.5x10 .This results in global mean stra-
tosphe.ric NOY mixing ratios. R(NOY) , of 19
ppbv at 31.4 km and 7 pp~~ at 22.3 km10nd a
downward flux of (~.5x10 ) y (S.6x10 )
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the model's gradient in that region is more
sharply defined. The model dynamics and hy-
drology in the tropics and a comparison with me-
teorological data have already been presented by
Manabe, Hahn, and Holloway, (1974).

SIMULATED SURFACE JULY-MEAN STREAMLINES WIND SCALE -20../,

Comments and Conclusions
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Fig. 2. July time-mean stream lines of the wind
fields used by the tracer model in its surface
level. The arrows show local wind vectors with
length proportional to speed as indicated at

upper right.

conjunction with the strong convergence of eas-
terlies across the tropical Atlantic and eastern
Pacific (ITCZ) produces the steep tracer grad-
ient and minimum in those regions. Figure 2
further shows a strong southerly monsoon flow
across the equator in the Indian Ocean. This
flow brings air with low R(NOY) northward and
moves the steep gradient out of the tropics to
the southern edge of the Himalayan plateau.
There is no particularly strong flow.across
Africa and South America shown in Figure 2, but
the tropical rain belt effectively removes any
NOY entering the tropics and thereby maintains
the gradient and minimum. In the model western
Pacific there is a strong southerly flow across
the equator and an active generation of cyclonic
disturbances in the sub tropics (Manabe, Hahn,
and Holloway, 1974). The net effect of these
disturbances is to mix NOY-poor air northward
into the mid-latitudes and produce a much more
diffuse gradient across the western Pacific.

It should be noted that the tropical minimum
is quite broad and spreads to the southern mid-
latitudes. The much weaker simulated maximum in
the southern high latitudes is a result of the
much weaker downward flux as discussed earlier.

A local model feature of Figure 1 is the max-
imum over central Canada. This is caused by the
downward transport of NOY-rich air on the west
side of a strong tropospheric low formed over

eastern Canada (see Figure 2).
In the model winter, while the interhemis-

t
pheric asymmetry of the January surface R(NOY)
field (see Figure 3) is relatively unchanged,
the steep gradient has moved southward to the
equator. The January time-mean streamlines of
the model's surface wind field (see Figure 4)
show that the ITCZ across the Atlantic and
eastern Pacific has also shifted southward to
the equator and that the Indian monsoon flow has
reversed from southerly to northerly. These
changes in the tropical wind fields combined
with the related southerly shift of the tropical
~!t cause the southerly shift of the
R(NOY) gradient. With a decrease in the gen-
eration of cyclonic disturbances in the western
Pacific (Manabe, Hahn, and Holloway, 1974),
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source and the extent of contamination of the
remote troposphere by combustion sources. Since
both the stratospheric and combustion sources
produce more NOY in the northern troposphere,
the lack of an interhemispheric gradient in
future measurements would be significant.

We are beginning a series of numerical exper-
iments to unravel the contribution of strato-
spheric NOY, anthropogenic combustion, and
lightning to the NOY tropospheric climatology
and budget and will be looking forward to more
measurements of NOX, HNO3' and nitrate rainout
in the "unpolluted" troposphere.
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